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Ocean acidification



What is ocean acidification?

• CO2 is an acidic gas (it 
produces an acid when 
combined with water)

• Each of us adds 4 kg eq 
CO2 per day to the ocean 
(increasing acidity, reducing 
pH) Sam Dupont
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Ocean acidification can be measured
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reoccupation of ocean sections such as 
Line P, initiated in 1973 in the North 
Paci!c Ocean (Wong et al., 2010). #e 
GEOSECS program provided the foun-
dation for subsequent scienti!c expedi-
tions such as the Transient Tracers in the 
Ocean (TTO) expedition of the North 
and tropical Atlantic Oceans in the early 
1980s (Brewer et al., 1985), and the 
World Ocean Circulation Experiment 
(WOCE) and Joint Global Ocean Flux 
Study (JGOFS) in the late 1980s and 
1990s. #e initiation of time series such 
as BATS and HOT in the late 1980s 
and subsequent expansion of sustained 
observations around the globe owe much 
to these earlier e$orts and to the grow-
ing recognition that understanding of 
the time-varying components of the 
ocean carbon cycle and related inorganic 
nutrient dynamics (e.g., nitrogen, phos-
phorus, and silica) required identi!ca-
tion of the relevant physical, chemical, 
and ecosystem processes responsible for 
observed variability.

Several other factors promoted the 
expansion of ocean CO2 time series 
(including repeating ocean sections) in 
both open-ocean and coastal environ-
ments in order to detect changes in the 
ocean carbon cycle due to both natural 
processes and anthropogenic perturba-
tion. Improvements in chemical instru-
mentation (e.g., Johnson et al., 1987, 
1993) allowed sample analyses to be 
conducted with su%cient sensitivity to 
detect gradual change. #ese develop-
ments were complemented by rigorous 
standard operating protocols for chemi-
cal analysis (Dickson et al., 2007) and 
re!nement of chemical equilibria models 
of the seawater CO2-carbonate system 
(e.g., Zeebe and Wolf-Gladrow, 2001). 
In the early 1990s, Andrew Dickson of 
Scripps Institution of Oceanography 
(SIO) developed and distributed certi!ed 

reference material (CRMs)—seawater 
with carefully measured and standard-
ized DIC and TA concentrations that 
allowed assessments to be made of 
the long-term accuracy of other mea-
surements. Incorporation of seawater 
CO2-carbonate chemistry data into 
global climatology products such as the 
Global Ocean Data Project (GLODAP; 
Key et al., 2004; Sabine et al., 2005) and 

PACIFICA (PACIFic ocean Interior 
CArbon; Suzuki et al., 2013) is credited 
as critically important for improvement 
of global models and for understanding 
global ocean carbon cycle feedbacks and 
synergies necessary to detect changes in 
the ocean carbon cycle due to both natu-
ral processes and anthropogenic pertur-
bation (e.g., Tanhua et al., 2013).
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Figure 1. Location map of the seven ocean carbon time-series sites, including Iceland Sea, 
Irminger Sea, Bermuda Atlantic Time-series Study (BATS), European Station for Time series in 
the Ocean at the Canary Islands (ESTOC), Hawaii Ocean Time-series (HOT), CArbon Retention 
In A Colored Ocean (CARIACO), and Munida (see Table 1 for detailed information about loca-
tions and sampling frequency). Such sustained ocean carbon cycle time series complement 
collection of water-column hydrography and biogeochemistry (e.g., dissolved oxygen, inorganic 
nutrients, chlorophyll, and dissolved and particulate organic carbon and nitrogen) and rate 
measurements (including 14C primary production, bacterial production, and export flux) at 
several of these sites.
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Publication rate
Papers: 
• 561 in 2013

• 50% in past 3 years

• +39% y-1 since  2000 

vs +5% y-1 in WoS

Authors: 
• 1804 in 2013

G
attuso & Hansson, O

A-ICC



Meta-analysis: Kroeker et al. (2013)
• Significant negative effect 

on:

• survival

• calcification

• growth

• development

• abundance For Review Only

  

 

 

Figure 1. Mean effect of near future acidification on major response variables. Significance is determined 
when the 95% bootstrapped confidence interval does not cross zero. The number of experiments used to 

calculate the mean is included in parentheses. * denotes a significant effect.  
92x64mm (300 x 300 DPI)  
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• Biological and 
ecological effects: 
high to low confidence 

• Biogeochemistry: 
medium to low 
confidence
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• Biological and 
ecological effects: 
high to low confidence 

• Biogeochemistry: 
medium to low 
confidence

• Knowledge gaps:
• Multiple drivers
• Evolutionary adaptation
• Response of 

communities
• Food web, up to 

predators
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Experimental space
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Benthic mesocosms: eFOCE experiment



Experimental setup

Experimental enclosure

Control enclosure

 2 m

 2 m

1 m

1 m

1 m

1 m

Reference plot

 2 m

1 m

© David Luquet



Photosynthesis

© S. Schenone © David Luquet

Stimulated in individual leaves No change in the field



No change in the abundance of organisms

© David Luquet



We conclude that there is no effect on the 
seagrass, Posidonia oceanica 

Future meadows are at risk from ocean 
warming

© David Luquet



Pelagic mesocosms
© David Luquet

Slide: courtesy of F. Gazeau



Experimental conditions

Summer 2012 Winter 2013

G
azeau et al. (in prep.)

Slide: courtesy of F. Gazeau



Key results
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• Very few effects of ocean 
acidification on these 
communities which are strongly 
nutrient-limited
• Nitrogen fixation stimulated in 

summer above 1000 µatm 
pCO2

Slide: courtesy of F. Gazeau
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Future changes in pH



Biodiversity, CO2 vent, Ischia
• total loss of some calcareous 

species
• reduced biodiversity
• altered competitive dynamics 

between species “regime shifts”: 
totally different ecosystems

• warming may intensify the effects 
acidification

Hall-Spencer and colleagues, Plymouth Univ.



CO2 vent, Spain
Linares et al. (2015)



Ocean warming



Past warming

M
arbá et al. (2015)

Satellite data (1985-2011):
• Summer SST: +1.15°C
• +0.25°C decade−1 in the western basin
• +0.65°C decade−1 in the eastern basin 

M
arbá et al. (2015)



Temperature, Bay of Villefranche

using 9999 permutations and Type III Sum of Squares to
cope with unbalanced designs (Anderson 2001).

Results

Trends in environmental conditions

Water temperature

With the exception of the temperature data collected at
75 m depth, which showed a slight but continuous ten-
dency to increase over the entire period considered, the
analysis of break-points allowed three main phases of
water temperature variation to be identified (Fig. 2). At
shallow depths (sea surface, 10 and 20 m), we identified
a cooling phase between 1958 and 1980, a phase of rapid
warming from 1980 to 1990 and a phase of more gentle
warming from 1990 to 2010. At greater depths (30 and
50 m), the cooling phase was longer (30 m: 1958–1972;
50 m: 1958–1978) but was still followed by two warming
phases: a rapid one from the end of the cooling phase to
1990 and a slower one from 1990 to 2010.

The cooling trends identified, however, were not always
significant. In particular, the cooling phase was significant
only in shallow waters (SST: P = 0.004; 10 m: P = 0.01;
20 m: P = 0.04), whereas the two warming phases were

highly significant (i.e. P < 0.001) from the water surface
down to 50 m depth. At 75 m depth, the above-men-
tioned continuous trend of increasing water temperature
from 1958 to 2010 was significant (P = 0.007).

Within-year variation in water temperature

The analysis of within-year variation in water tempera-
ture indicated that standard deviations tended to increase
only in shallow waters from 1958 to 2010 (Table 1). In
particular, no break-point in the series was identified at
any depth, indicating a continuous trend across the entire
period. Within-year variation increased significantly for
SST (t = 2.7; P < 0.05; Fig. 2b) and at 10 m (t = 3.62;
P < 0.01). Although the analyses of the series collected at
20 m had P-values close to significance (P = 0.07), the
water temperature at depths below 10 m did not show
any significant trends (P > 0.05).

Summer temperature anomalies

Similarly to the analysis of within-year variation, no sig-
nificant break-point was detected in the series of summer
temperature anomalies. The occurrence of positive tem-
perature anomalies increased significantly at the sea sur-
face (P < 0.01; Fig. 3a), at 10 m (P < 0.01; Fig. 3b) and
at 20 m depth (P < 0.05; Fig. 3c). On the contrary, no
significant trend was detected for deeper waters
(Table 1).

Long-term change in warm-water native and alien species

richness

At the locations surveyed, a total of 25 warm-water
natives and five alien species (Tables 2 and S2) was

a

b

Fig. 2. Trends in (a): yearly mean water temperature and (b): within-

year variation of water temperature from 1958 to 2010.

Table 1. Results of the autoregressive linear models used to assess

the significance of a trend in summer temperature anomalies and

within-year variation.

depth (m) estimate SE t-value P-value

summer temperature anomalies

0 (SST) 0.019 0.0007 2.70 0.009

10 0.027 0.0077 3.62 0.0007

20 0.01 0.0008 2.03 0.042

30 !0.001 0.01 0.13 0.89

50 !0.008 0.005 1.63 0.103

75 0.002 0.003 0.64 0.524

within-year variation

0 (SST) 0.006 0.0002 2.24 0.030

10 0.0084 0.003 2.83 0.007

20 0.005 0.003 1.84 0.072

30 0.001 0.002 0.37 0.713

50 !0.001 0.003 0.54 0.588

75 !0.001 0.003 0.56 0.577

Bold values indicate significant P-values.
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Annual mean (0 to 75 m)

identified by field surveys (1980–2010) and the analysis of
historical literature (1955–1964).

The regional richness of both warm-water native and
alien species showed a tendency to increase from 1980 to
2010 (Fig. 4). When the estimates obtained from the his-
torical literature review were also considered however, the
two groups of species showed different patterns of varia-
tion across time. The information obtained from the lit-
erature review suggested a decrease in the richness of
warm-water native species from 1955–1964 to 1980–1984,
whereas a slight increase (or no evident change) in the
richness of alien species was identified over the same per-
iod. Comparison of this pattern with the water tempera-
ture trend suggests that the decrease in the richness of
warm-water species coincided with the cooling phase in
shallow waters, whereas the subsequent increase in warm-
water species richness coincided with the warming
phases.

Recent changes in warm-water native and alien species

substrate cover

In total, eight warm-water native and three alien species
were recorded in the quantitative quadrats surveyed
(Table 2). The alien species were the algae Acrothamnion
preissii (originating from the warm-temperate Pacific
Ocean), Asparagopsis armata (originating from the tropi-
cal and warm-temperate Pacific Ocean) and Caulerpa
cylindracea (a circumtropical species).

The temporal change in the cover of warm-water
natives differed between the two periods considered
(1990s versus 2000s) and with the depth range (Table 3).
In particular, the cover of warm-water natives increased
over deep rocky reefs, i.e. 20–40 m depth, whereas it
decreased over shallower reefs (Fig. 5). On the contrary,
the cover of alien species increased significantly between
the early 1990s and the late 2000s at all depth ranges
(Table 3 and Fig. 5).

Discussion

We have characterized the variations in environmental
conditions linked to the pattern of water temperature
increase in the Ligurian Sea using information from the
published literature and field data.
The analysis of the temperature time series evidenced

three main phases, i.e. a cooling phase from 1958 to
1980, a phase of rapid warming from 1980 to 1990 and a
subsequent phase of slower warming from 1990 to 2010.
The existence of the break-point around 1980, represent-
ing a shift between a cooling and a warming phase, has
been documented by several studies that have analysed
both air temperature (Astraldi et al. 1995; Morri & Bian-
chi 2001) and SST data (Lelieveld et al. 2002). Our find-
ings are consistent with these earlier results and indicate
that water warming does not concern the sea surface
alone, but the entire water layer down to 75 m depth.
The present study has demonstrated for the first time the

a b

c d

e f

Fig. 3. Trends in summer temperature

anomalies at different depths from 1958 to

2010. (A: sea surface temperature anomalies;

B: 10 m depth; C: 20 m depth; D: 30 m

depth; E: 50 m depth; F: 75 m depth).
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Summer anomaly (surface)

Parravicini et al. (2015)



Future warming

Adloff et al. (2015)

Composite of SST anomalies 2070- 2099 vs. 
1961–1990 (largest and smallest anomaly 
out of the 6 scenario simulations at each grid 
point)

Adloff et al. (2015)



Warming: mass mortalities
G

at
tu

so
 e

t a
l. 

(2
01

4)
. ©

 R
. B

er
ke

lm
an

s

Also in the
Mediterranean Sea



Warming: redistribution of species
Poloczanska et al. (2014)



Commercial species

> 75 % of bivalve production in 
the Mediterranean 
(Lacoue-Labarthe et al., in press)

G
azeau et al. (2014)

Slide: courtesy of F. Gazeau



Response of a Mediterranean mussel

Excess mortality due to warming

No effect of ocean 
acidification on growth

G
azeau et al. (2014)

Slide: courtesy of F. Gazeau



Survey of Mediterranean mussel producers

Rodrigues et al. (in press)

Level of knowledge

Perception of level of threat

Rodrigues et al. (in press)



Key ecosystems, species and impacts
Ecosystem Key species Response  to OA Response to 

warming
Combined effect

Seagrass 
meadows

P. oceanica Increased  
productivity

deterioration

Coralligenous 
reefs

L. lichnoides, coral 
species

Crustose Coralline 
Algae (CCA) cease 
to calcify

CCA and coral 
mortality

Vermetid reefs  V. triqueter, D. 
petraeum, N. brassica-
florida 

Slower 
calcification, 
recruitment

Mortality Greater mortality

Mussel beds M. galloprovincialis No response 
unless in high temp

Larval mortality Greater mortality at low 
pH with increased 
temp



Global impacts of 
ocean acidification and 
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Contrasting futures for ocean and
society from different anthropogenic
CO2 emissions scenarios
J.-P. Gattuso,1,2,3* A. Magnan,3 R. Billé,4 W. W. L. Cheung,5 E. L. Howes,6 F. Joos,7

D. Allemand,8,9 L. Bopp,10 S. R. Cooley,11 C. M. Eakin,12 O. Hoegh-Guldberg,13

R. P. Kelly,14 H.-O. Pörtner,6 A. D. Rogers,15 J. M. Baxter,16 D. Laffoley,17 D. Osborn,18

A. Rankovic,3,19 J. Rochette,3 U. R. Sumaila,20 S. Treyer,3 C. Turley21

The ocean moderates anthropogenic climate change at the cost of profound alterations of
its physics, chemistry, ecology, and services. Here, we evaluate and compare the risks of
impacts on marine and coastal ecosystems—and the goods and services they provide—for
growing cumulative carbon emissions under two contrasting emissions scenarios. The
current emissions trajectory would rapidly and significantly alter many ecosystems and the
associated services on which humans heavily depend. A reduced emissions scenario—
consistent with the Copenhagen Accord’s goal of a global temperature increase of less
than 2°C—is much more favorable to the ocean but still substantially alters important
marine ecosystems and associated goods and services. The management options to
address ocean impacts narrow as the ocean warms and acidifies. Consequently, any new
climate regime that fails to minimize ocean impacts would be incomplete and inadequate.

A
tmospheric carbon dioxide (CO2) has in-
creased from 278 to 400 parts per million
(ppm) over the industrial period and, to-
gether with the increase of other green-
house gases, has driven a series of major

environmental changes. The global ocean (includ-
ing enclosed seas) acts as a climate integrator
that (i) absorbed 93% of Earth’s additional heat
since the 1970s, offsetting much atmospheric
warming but increasing ocean temperature and
sea level; (ii) captured 28% of anthropogenic CO2

emissions since 1750, leading to ocean acidifica-
tion; and (iii) accumulated nearly all water result-
ing from melting glaciers and ice sheets, hence
furthering the rise in sea level. Thus, the ocean
moderates anthropogenic climate change at the
cost of major changes in its fundamental chem-
istry and physics. These changes in ocean prop-
erties profoundly affect species’ biogeography
and phenology, as well as ecosystem dynamics
and biogeochemical cycling (1–3). Such changes
inevitably affect the ecosystem services on which
humans depend. The ocean representsmore than
90% of Earth’s habitable space, hosts 25% of
eukaryotic species (4), provides 11% of global
animal protein consumed by humans (5), pro-
tects coastlines, and more. Simply put, the ocean
plays a particularly important role in the live-
lihood and food security of hundreds of millions
of people.
The United Nations Framework Convention

on Climate Change (UNFCCC) aims to stabilize
atmospheric greenhouse gas concentrations “at a
level thatwould prevent dangerous anthropogenic
interference with the climate system ... within a
time-frame sufficient to allow ecosystems to adapt

naturally to climate change, to ensure that food
production is not threatened, and to enable eco-
nomic development to proceed in a sustainable
manner” (6). According to the Copenhagen Ac-
cord (7), meeting these goals requires that the
increase in average global surface temperature
be less than 2°C over the preindustrial average.
However, despite the ocean’s critical role in global
ecosystem goods and services, international cli-
matenegotiationshave onlyminimally considered
ocean impacts, especially those related to ocean
acidification (8). Accordingly, highlighting ocean-
related issues is now crucial, given that even
achieving the +2°C target (set on global tem-
perature)wouldnot preventmany climate-related
impacts upon the ocean (9).
This paper first summarizes the key findings

of the Fifth Assessment Report (AR5) of the In-
tergovernmental Panel on Climate Change (IPCC)
and, given the ongoing acceleration of climate
change research, adds newer literature to assess
the impacts of global change—including ocean
warming, acidification, deoxygenation, and sea
level rise—linking ocean physics and chemistry
to biological processes, ecosystem functions, and
human activities. Second, it builds on scenarios
based on the range of cumulative fossil carbon
emissions and the IPCC Representative Concen-
tration Pathways (RCP) RCP2.6 and RCP8.5, con-
trasting two potential futures. RCP2.6 reflects the
UNFCCC target of global temperature staying
below +2°C, whereas RCP8.5 reflects the current
trajectory of business-as-usual CO2 emissions.
Third, this paper provides a broad discussion of
the options society has for addressing ocean im-
pacts and ends with key messages that provide

further compelling arguments for ambitious CO2

emissions reduction pathways.

Changes in ocean physics and chemistry

Ocean changes resulting from anthropogenic
emissions include long-term increase in temper-
ature down to at least 700 m, increased sea level,
and a decrease in Arctic summer sea ice (Fig. 1 and
Table 1) (10). Other radiatively active agents—such
as ozone, methane, nitrous oxide, and aerosols—
do not affect the ocean asmuch as CO2. Setting it
apart, CO2 accounts for two or more times the
warming attributed to the non-CO2 greenhouse
gases by 2100 (11) and causes ocean acidification.
The uptake of excess anthropogenic CO2 by the
ocean increases the partial pressure of carbon
dioxide (PCO2) and dissolved inorganic carbon
while decreasing pH and the saturation state of
seawater with respect to the calcium carbonate
minerals aragonite and calcite, both being crit-
ical drivers of solubility of shells and skeletons
(12). Rising global CO2 also further exacerbates the
nearshore biogeochemical changes associatedwith
land use change, nutrient inputs, aquaculture,
and fishing (13).
Both the magnitude and rate of the anthropo-

genic carbon perturbation exceed the extent of
natural variation over the last millennium and
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Future scenarios



Physics and chemistry
Two scenarios considered
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Physics and chemistry
Two scenarios considered

Significant gaps:
• Regional projections, e.g. sea level and 

low oxygen areas
• Projections in the coastal zone
• Changes in the internal and decadal 

variability
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Projections for 2100
• Thresholds: +1.5 °C and -0.2 pH 

units relative to preindustrial
• RCP8.5: 69% of the ocean surface 

will exceed both thresholds
• RCP2.6: < 1%
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Risks of impact on marine and coastal organisms and 
ecosystem services

Gattuso et al. (2015)
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Summary
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4 key messages
1.  Ocean strongly influences the climate 

system and important provider of key 
services

2.  Impacts already detectable, high risk 
of impacts well before 2100, even 
with a low emission scenario

3.  Immediate and substantial reduction 
of CO2 emissions to prevent massive 
and mostly irreversible impacts 

4.  As CO2 increases, the protection, 
adaptation, and repair options 
become fewer and less effective



On the road to COP21 in Paris
The Carbon Brief



On the road to COP21 in Paris
The Carbon Brief

Paris Agreement: 
“Holding the increase in the global average temperature to well below 
2 °C above pre-industrial levels and to pursue efforts to limit the 
temperature increase to 1.5 °C above pre-industrial levels…”



A timeline for net zero emissions
Knutti et al. (2015)



Risks for ocean and society from different CO2 
emissions pathways 

Removed unpublished data




